To manage potential microbial risks and meet increasingly strict drinking water health standards, UV treatment has attracted increasing attention for use in drinking water systems in China. However, the effects of UV treatment on microbial control and disinfection byproducts (DBPs) formation in real municipal drinking water systems are poorly understood.
Introduction
Access to clean, safe drinking water is critical for human health and social development. However, with population growth and rapid urbanization, water resource shortages and pollution are becoming increasingly serious issues worldwide (Ghassemi and White, 2007; Gunda et al., 2019; Jiang, 2015) . China is a classic example of a nation facing such water crises (Ma et al., 2006; Zhang, 2009 ). To remedy shortages, pollution, and the uneven distribution of water in China, the South-North Water Transfer Project (SNWTP) is underway to transfer water, via the Eastern and Middle routes, from the Yangtze River watershed in southern China to the northern regions (Wilson et al., 2017) . In particular, using the Danjiangkou Reservoir as the water source, the Middle Route Project (MRP) supplies water to Beijing, Tianjin, Henan, and Hebei Provinces. However, water quality changes due to changes in the water source may cause new problems for the drinking water industry. For example, changes in the chemical nature of water may increase the release of iron corrosion products in drinking water distribution systems (DWDSs), leading to "red water" outbreaks (Li et al., 2016; Yang et al., 2014) .
In addition, the bacterial community could be influenced by water source changes. The MRP spans eight latitudes, and both the structure and diversity of the microbial community differ between water source areas and intake areas. For instance, Zhang et al. (2015) detected Cyanophyta in both the raw and treated water of four drinking water treatment plants (DWTPs) in Beijing after switching the water source, which had not been detected before the switch. Furthermore, various environmental factors (e.g., temperature, dissolved oxygen, and pH) have undergone marked changes along the MRP, which might also influence microbial community composition and function (Luo et al., 2019) . Luo et al. (2019) observed significant spatiotemporal and seasonal variations in planktonic bacteria communities during the MRP. Safe drinking water must be biologically stable. However, the microbiological destabilization caused by water source switching may pose microbial risks to consumers.
The current national "Standards for Drinking Water Quality" (GB 5749-2006) in China was issued in 2007, which has much stricter requirements on drinking water quality than the previous guideline. Within this background, the microbial risks posed by source-water quality changes may challenge the performance of the drinking water supply in SNWTP intake regions, such as Beijing and Tianjin. To assure the bio-safety of drinking water, effective disinfection strategies are needed to inactivate microorganisms in treatment processes and inhibit microbial growth during distribution. In many countries, including China, multi-barrier approaches to water disinfection by DWTPs are being increasingly applied against microbial pathogens (Rattanakul et al., 2015; Zhou, 2015) . Such strategies combine several disinfection processes, such as UV and chlorine/chloramines. Chlorination has been widely applied over the last several decades due to its low cost and high efficiency (Ma and Bibby, 2017; Reckhow et al., 2010) . Nevertheless, the use of chlorine can generate disinfection by-products (DBPs), which can pose a serious threat to human health (Mian et al., 2018) . Another concerning issue associated with chlorination is the emergence of chlorine-resistant organisms. Some pathogens have been observed to survive in drinking water systems, even after treatment with a high concentration of chlorine (Miyamoto et al., 2000) .
Recently, alternative technologies for water disinfection, such as UV disinfection, have attracted growing interest (Amirsardari et al., 2001) . As a promising technology, UV disinfection offers several advantages, including no chemical addition, reduction of DBP formation, and high efficiency in inactivating chlorine-resistant organisms (e.g., Giardia and Cryptosporidium) (Wang et al., 2017) . In China, due to the new provisions for DBP concentrations, as well as Giardia and Cryptosporidium standards, under the "Standards for Drinking Water Quality," UV treatment is becoming increasingly popular, especially in large cities such as Beijing, Shanghai, and Tianjin. To maintain disinfectant residuals in the distribution system, UV followed by chlorination or chloramination is often used, which can also serve as a multi-barrier approach. Considering UV treatment as an important component of the multi-barrier approach, several questions remain: What is the microbial control performance of UV treatment in the whole drinking water system after water source switching? Furthermore, given that, DBP formation is another noteworthy thing associated with disinfection technologies, does UV treatment cause the problem of DBP formation?
The goal of a drinking water supply is to provide high-quality water at multiple points (i.e., taps) distributed throughout the network, rather than only at the DWTP output point; therefore, ensuring drinking water quality at both DWDSs and DWTPs is equally important. Present disinfection technologies cannot completely eliminate microorganisms from water; therefore, some microorganisms survive in the pipe network, which leads to decreased biological stability (Banihashemi et al., 2015) . This suggests that the disinfection process could potentially exert selective pressure on microorganisms. As the final step of water treatment, disinfection has been proven to shape the microbial community in the downstream water Mi et al., 2015) . And different disinfection technologies can have different impacts on microbial diversity and community structure in DWDSs (Pinto et al., 2012; Yang et al., 2018) . However, little is known of the effects of UV treatment on bacterial communities in DWDSs, especially in real pipe networks.
Furthermore, disinfection technologies may result in the formation of DBPs. When chlorination is applied as the secondary disinfection process, UV treatment is often expected to lower the required chemical dosage and, thus, DBP formation (Reckhow et al., 2010; Yang et al., 2018) . However, mixed results of the effect of UV treatment on DBP generation have been observed. Some researchers have indicated that UV irradiation alone at doses commonly used for disinfection does not generate DBPs (Lyon et al., 2012) . However, Liu et al. (2006) observed increased trihalomethane (THM) and haloacetic acid (HAA) formation after UV irradiation because UV irradiation could alter the characteristics of dissolved organic matter (DOM), as a precursor of DBPs (Lee and Hur, 2014; Magnuson et al., 2002; Xia et al., 2018) . Despite these contradictory findings, there are limited studies on the influence of post-chlorination UV irradiation on DBP formation, and existing studies have been mainly concerned with the formation of regulated DBPs, such as THMs and HAAs. Moreover, most studies have been carried out at the bench or pilot scale, which may not accurately reflect the real situation of the full-scale drinking water systems, especially for DBP formation in real distribution networks.
The present study aimed to address these gaps in knowledge and inform the selection of effective treatment methods for drinking water in the SNWTP. Specifically, the objectives of this study were to elucidate the impacts of UV treatment on the microbial community and DBP formation in real distribution systems in northern China after changing the water source from a northern to southern source. To this end, we performed sampling at three DWTPs that employed combined UV/ chlorination or traditional chlorine disinfection in Beijing and Tianjin. First, the microbial control performance of UV treatment in the full-scale drinking water systems was investigated using the quantitative PCR (qPCR) and high-throughput sequencing. In addition, the effect of UV treatment on the formation of the regulated DBPs (THMs & HAAs), as well as nitrogenated DBPs (N-DBPs), was investigated.
Water sample collection in distribution systems
Three target treatment facilities were chosen for study. Both the DWTP and DWDS were sampled at each facility. The water sources of the three municipal drinking water systems mainly originate from the MRP. Samples were taken in triplicate from each location and were kept on ice during transport to the lab where the samples were stored at 4°C until analysis.
DWTP 1 and DWDS 1
DWTP 1 is located in Beijing. This facility used mediumpressure UV (MPUV) followed by chlorination. The UV system was in operation until August; therefore, samples collected in May, June, and July received UV treatment, and those collected in September and November received no UV treatment. The network sampling points of DWDS 1 (Appendix A Fig. S1 ), with different residence times (i.e., distances to the DWTP), were collected from May to November: GN1 was collected at a local residence that located about 1 km from DWTP 1; GN2 was collected beside the Beijing World Park about 3 km from the DWTP 1.
DWTP 2 and DWDS 2
DWTP 2 is located in Tianjin. This facility has a MPUV system, but the UV system is turned off most of the time. During the sampling period, the UV system was only turned on temporarily in November. The network sampling points of DWDS 2 were collected in July and November. Along DWDS 2 (Appendix A Fig. S2 ), sample TN1 was collected in at a local residence about 3.5 km from the treatment plant and TN2 was collected at a local residence about 8.6 km from the treatment plant.
DWTP 3 and DWDS 3
DWTP 3 is in Tianjin and employs a traditional drinking water treatment process. There is no UV reactor in DWTP 3 and the chloramine process is used. Appendix A Fig. S3 shows the three network sampling points along DWDS 3: LN1 was collected beside a bus station 0.5 km from the DWTP 3; LN2 was collected at a fire brigade about 2.2 km from the DWTP 3; and LN3 was collected beside the Tianjin Water Park about 2.8 km from the DWTP 3. The samples of DWDS 3 were collected in July and November.
Analytical methods

Heterotrophic plate count
Heterotrophic plate count (HPC) experiments were conducted using the pour plate method with R2A agar (Simmons et al., 1998) . Two or three serial dilutions were prepared and replicated for each sample, and then 1 mL of the water sample was suspended in a Petri dish using molten R2A agar. After the agar solidified, the plates were incubated at 22°C for 7 days. After incubation, the number of colonies in the Petri dish (within a range of 30-300) was counted.
Total cell count
The total cell count (TCC) was carried out by staining cells with SYBR GREEN fluorescent dye. First, 200 μL of water sample was mixed with 2 μL of SYBR GREEN dye in a 96-well microplate, and then the plate was wrapped in tinfoil and incubated at 25°C for 15 min. After incubation, cell counting was carried out using a multi-dimensional high-definition flow cytometer (FCM; BD LSRFortessa; BD Biosciences, USA) at a wavelength of 488 nm. A non-dyed sample was used as the blank control. For each test, five parallel samples were prepared and the average results were used.
qPCR analysis for enumerating bacteria
Total bacteria in water samples was enumerated by quantifying 16S rRNA gene copies. Genomic DNA was extracted using the FastDNA® Spin Kit for Soil (MP Biomedicals, USA) following the manufacturer's instructions. Then, the samples were amplified in triplicate according to the FastStart Essential DNA Green Master PCR Kit (Roche, USA) for the qPCR analysis, and the SYBR Green detection system was applied with the qPCR reactions. The number of 16S rRNA gene copies was determined using the LightCycler® 96 automatic fluorescent qPCR system (Roche, USA).
High-throughput sequencing
The microbial community diversity of the samples was analyzed using high-throughput sequencing of 16S rRNA. Extracted DNA was sequenced on a MiSeq platform (Illumina, USA) according to the standard protocols at the Beijing Novogene Co. Ltd. (China). The V4 region of the bacterial 16S rRNA gene were amplified by PCR using the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′).
DBP formation potential (DBPFP) test and DBP analysis
DBP formation tests were mainly carried out in DWTP 2 and DWDS 2, and the water samples of DWTP 2 and DWDS 2 were collected at same date in July. Fig. 1 shows the water treatment process and the sampling points of DWTP 2. DWTP 2 has two parallel water production lines with the same water purification processes: line #1 and line #2. T1 and T3 were collected from the inlet and outlet, respectively, of the UV reactor in process line #1, whereas T2 and T4 were collected from inlet and outlet, respectively, of the UV reactor in process line #2. T5 was collected when the UV reactor was running (UV dose = 40 mJ/cm 2 ), and T6 was collected approximately 30 min after the discontinuation of the UV reactor. Chlorination was only conducted before the clearwell, and the average chlorine dosage applied was 1.94 mg/L in DWTP 2.
To determine the DBPFP, 100 mL of water sample was transferred into a brown glass bottle, and phosphate buffer (0.02 mol/L) solution was added to maintain pH at 7.0. The DBPFP test was initiated by adding chlorine (NaClO solution, 20 mg/L) to the water samples. Then, the brown bottles were incubated in the dark at room temperature for 72 hr. After the incubation, the chlorine residual was measured and Na 2 S 2 O 3 solution (200 mg/L) was added to quench the chlorine residuals. The water sample was stored at 4°C for further analysis.
THMs and N-DBPs were analyzed according to a modified EPA551.1 method (Krasner et al., 2002; Ye et al., 2018) , and HAAs were determined according to a modified EPA552.2 method (Krasner et al., 2002) . THMs and N-DBPs were extracted from water samples by methyl tert-butyl ether (MTBE). HAAs were recovered by liquid/liquid extraction with MTBE, followed by methylation with acidic methanol. A gas chromatograph equipped with an electron capture detector (GC-ECD; Agilent, USA) was used to monitor the DBP concentrations; a J&W HP 5 fused silica capillary column (30 m × 0.25 mm ID with 0.25 μm film thickness; Agilent, USA) was used with the system. For THMs and N-DBPs, the GC temperature program consisted of an initial temperature of 35°C for 5 min, ramping to 145°C at 10°C/min and holding for 2 min, and ramping to 225°C at 20°C/min and holding for 15 min. For HAAs analysis: initial at 35°C for 4 min, and ramping to 155°C at 6°C/min, and a second ramp to 245°C at 30°C/min and holding for 3 min.
Other water quality indicators
Temperature and pH were measured using a thermometer and PH meter (PB-21; Sartorius, Germany), respectively. Turbidity was determined using a HACH (USA) 1900C portable turbidity meter. Chlorine was determined using a HACH (USA) 5870000 portable residual chlorine analyzer. Total organic carbon (TOC) concentration was measured using an Aurora 1030W Analyzer (O• I • Analytical, USA). The absorbance at 254 nm (UV 254 ) was measured using a UV-visible spectrophotometer (TU-1901; Beijing Persee, China). Particulate matter concentration and grain diameter were analyzed using a GR-1500A benchtop laser particle counter (Hangzhou Lvjie Environment Technology Co. Ltd., China).
Results and discussion
2.1. Physicochemical properties of water in the selected DWDSs Table 1 lists the physicochemical data for each sampling point of the three selected DWDSs at different sampling times. The tested water quality parameters included free/ total chlorine, pH, UV 254 , TOC, turbidity, and particle concentration, which play important roles in microbial regrowth or DBP formation.
In general, water quality in the DWDS changed with distance and season. The pH of all samples obtained from the three DWDSs was near neutral (7.11-8.04), and did not significantly depend on time, season, or the distribution system. Regarding residual disinfectant, the free/total chlorine concentration of most of the samples decayed with increasing water delivery distance, and the chlorine concentration showed greater decreases in summer than in winter. This higher disinfectant consumption in summer might be attributed to the more robust microbial growth and the faster chlorine decay at higher temperatures. In addition, the decay of free/total chlorine concentration was not significantly different among the three distribution systems, which applied different disinfection processes. Unlike free/total chlorine, TOC, UV 254 , and particle concentration increased with increasing transport distance along the pipeline network, especially in DWDS 1. Furthermore, the TOC and particle concentrations were significantly higher in summer. The turbidity of the water samples of DWDS 1 was relatively stable along the pipeline network, while that of DWDS 2 and DWDS 3 increased with increasing water delivery distance.
HPC and TCC in the DWDS samples
HPC is usually applied to measure the microbial quality of drinking water; however, the HPC method is time-consuming and restricted to the cultivable bacteria in drinking water. TCC measurement by FCM has become increasingly common because of its speed and accuracy . In the present study, both the TCC and HPC methods were applied, and the results are presented in Table 2 . The results showed a low correlation between the HPC and TCC data (R 2 = 0.36) (Appendix A Fig. S4 ), likely because most of the bacteria (99%) in drinking water are uncultivable on conventional agar plates (Nescerecka et al., 2014) .
As shown in Table 2 , the HPC values of all samples increased with increasing pipeline transport distance; this increase was more evident in summer. In addition, the free/ total chlorine decay in the network coincided with the increased HPC values, as reported previously (Nescerecka et al., 2014; Prevost et al., 1998) .
Due to the presence of unculturable bacteria in the water, the TCC values were two to three orders of magnitude higher than the HPC values of the same samples. The TTC values varied from 10 2 to 10 4 cells/mL in the three systems. The TCC values significantly depended on season, and were higher in summer. Unlike HPC, the TCC values of some samples did not increase and even declined with increasing residence time, such as the samples of DWDS1 in June and July; this may have been due to the effect of high algae-laden samples in summer (Li et al., 2014) . In samples that showed increased TCC values with distance, the degree of increase in TCC was lower than that for HPC. The different trends between HPC and TCC might be attributed to the effects of chlorine residual on culturable and unculturable bacteria. To this end, Allen et al. (2004) indicated that the HPC method was inadequate for enumerating actual bacterial concentrations in water.
Bacterial quantification by qPCR
The bacteria in the water samples were quantified via qPCR analysis, and the number of bacterial 16S rRNA gene copies for each sample are shown in Fig. 2 . The concentrations of bacterial 16S rRNA gene copies in all samples (except for that from DWDS 3 in November) increased with increasing residence time. For the DWDS 2 and DWDS 3 samples, the 16S rRNA gene concentrations in summer were markedly higher than those in winter; however, for DWDS 1, the 16S rRNA gene concentration was greatest in November. In DWTP 1, the UV process was disabled during the sampling period from September to November for operational reasons. Therefore, the increased 16S rRNA gene concentration in November might be attributable to the discontinuation of UV irradiation. This observation may indicate that UV disinfection has a favorable effect on microbiological control in the water distribution network.
Microbial community diversity and structure
The bacterial community diversity of the water samples in the three DWDSs was analyzed via taxonomic analysis. Fig. 3 shows the dominant bacterial community composition at the phylum and genus levels for the samples. The bacterial community composition at the phylum level (Fig. 3a) was similar among the DWDSs, although the proportional abundance of each phylum varied among the samples. Furthermore, there was no significant trend in the variation in phylum abundance with season or hydraulic retention time. Overall, Proteobacteria (relative abundance: 8.02%-92.34%) and Firmicutes (1.38%-86.87%) were the dominant phyla in all samples. Other common phyla included Bacteroidetes (1.38%-15.26%) and Actinobacteria (0.16%-8.87%). Several studies have reported that the Proteobacteria are dominant in drinking water bacterial communities . In addition, Firmicutes is a dominant phylum in the human intestine, and is also found widely in drinking water (Liu et al., 2016) . Finally, Actinobacteria and Bacteroidetes are commonly detected in a variety of natural waters Li et al., 2017) . Fig. 3b shows the top 20 most abundant genera in the DWDS samples. The bacterial community composition at the genus level differed markedly among the DWDSs, and even among samples from the same DWDS. The results also varied by season and residence time. Among these 20 genera, some species harmful to human health were found, such as Acinetobacter (Montoya-Pachongo et al., 2018) . In addition to pathogenicity, the chlorine-resistance of some species presents a challenge for disinfection processes. Therefore, in this study, we paid particular attention to pathogenic bacteria, chlorine-resistant bacteria, and pathogenic chlorine-resistant bacteria. Based on the literature (Felfoldi et al., 2010; Ishaq and Ali, 2018; Li et al., 2017) . Aeromonas and Brevundimonas are pathogenic bacteria. In addition, Methylobacterium, Bacillus, and Sphingobium are chlorine-resistant bacteria. Finally, Acinetobacter, Pseudomonas, and Sphingomonas are both pathogenic and chlorine-resistant. Thus, the variations in the relative abundances of these genera in the three DWDSs were further investigated (Figs. 4-6) .
In DWDS 1, the relative abundances of Aeromonas, Brevundimonas, and Methylobacterium remained relatively stable with sampling and residence times (Fig. 4) . The Bacillus abundance fluctuated with sampling and residence times, but was below 4% in all DWDS 1 samples. The Sphingobium abundance was relatively high in June (GN1: 17.84%; GN2: 16.37%) and November (GN1: 57.94%); in November, Sphingobium became the dominant genus in the samples. Sphingobium belongs to the Alphaproteobacteria, which favor higher temperatures . As shown in Table 1 , the free chlorine concentration was relatively high in November, but could not decrease the proportion of Sphingobium because of its chlorine-resistance. UV has been reported to show high efficacy in inactivating chlorine-resistant microorganisms. Thus, the significant increase in the relative abundance of Sphingobium might have been attributable to the discontinuation of the UV system during September to November DWTP 1. Fortunately, however, Sphingobium is not pathogenic.
The relative abundances of Acinetobacter, Pseudomonas, and Sphingomonas remained relatively stable in June, July, and September; however, remarkable increases in the relative abundances of Pseudomonas and Acinetobacter were observed in May (GN2: 12.83%) and November (GN2: 45.62%), respectively. As presented in Fig. 2 , the 16S rRNA gene concentration of samples in May was around four orders of magnitude lower than that in November. Therefore, the high relative abundance of Acinetobacter in November warranted additional consideration. Acinetobacter species can grow within a broad range of temperatures and survive exposure to chlorine. Thus, the significant increase in the proportion of Acinetobacter may also be attributable to the discontinuation of the UV process after August.
In DWDS 2, the relative abundances of Aeromonas and Brevundimonas did not change substantially with sampling time or residence time (Fig. 5) . In contrast, the proportion of the other six chlorine-resistant and pathogenic chlorineresistant bacteria increased markedly in November. In November, the UV system of DWTP 2 was operated for 5 days, which might not have been sufficient to impact the distribution system.
The trends in the relative abundances of the selected bacterial species in DWDS 3 were similar to those in DWDS 2 (Fig. 6) . The proportions of chlorine-resistant and pathogenic chlorine-resistant bacteria were also enhanced during the cold period. There was no UV reactor in DWTP 3, which was unfavorable for controlling the re-growth of chlorine-resistant bacteria.
DBP formation
Occurrence of DBPs
A total of 15 DBPs were investigated: the THMs tribromomethane (TBM), trichloromethane (TCM), chlorodibromomethane (CDBM), and bromodichloromethane (BDCM); the HAAs monobromoacetic acid (MBAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), bromochloroacetic acid (BCAA), bromodichloroacetic acid (BDCAA), dibromoacetic acid (DBAA), chlorodibromoacetic acid (CDBAA), and trichloroacetic acid (TBAA); and the N-DBPs bromochloroacetonitrile (BCAN), dichloroacetonitrile (DCAN), and trichloronitromethane (TCNM). Fig. 7 presents the THM, N-DBP, and HAA concentrations of chlorinated water (T6, no UV), UV-treated chlorinated water (T5), and the water in the pipeline network (TN1 and TN2). The bromide concentrations in raw water of DWTP 2 were generally lower than 0.03 mg/L. As shown in Fig. 7 , brominated DBP (Br-DBP) accounted for a major proportion of the DBPs. THM formation slightly increased from 86.92 to 94.47 μg/L when UV irradiation was used in the disinfection process (Fig. 7a) ; among THMs, the increases in BDCM and TCM formation were slightly more pronounced. Other studies have also observed increased THM formation with UV treatment followed by chlorination (Bond et al., 2015; Guo et al., 2016) . This phenomenon could be explained by changes in the characteristics of THM precursors, such as DOM, under MPUV irradiation, leading to increased susceptibility of THM precursors to reaction with chlorine (Frimmel, 1998) . Moreover, the THM concentrations in DWDS 2 increased slightly compared with that in DWTP 2. Generally, piping materials, deposits, and biofilms within DWDSs can serve as DBP precursors, transform DBPs into more toxic species, and/or catalyze the formation of DBPs (Ding et al., 2019) . However, the THM concentrations in DWDS 2 were relatively stable with increasing residence time.
The N-DBP concentrations decreased from 3.36 to 3.08 μg/L with UV irradiation followed by chlorination (Fig. 7b ). Previous studies have shown mixed results for the effect of MPUV irradiation on N-DBP formation. Ye et al. (2018) found that a low-pressure UV (LPUV) process had no significant effect on N-DBP formation, whereas MPUV treatment could generate more DCAN; compared with low-pressure UV, MPUV was more effective in changing the structure of DOM in water and inducing nitrate photolysis. Reckhow et al. (2010) also showed that MPUV irradiation at 40-140 mJ/cm 2 germicidal dose followed by chlorination could enhance TCNM formation compared to chlorination alone in waters containing nitrate (1-10 mg N/L). However, Spiliotopoulou et al. (2015) indicated that MPUV irradiation did not affect the amount of DCAN found after post-UV chlorination, and prolonged UV exposure could even decrease DCAN concentrations. In the present work, no increase in N-DBP concentration was observed after MPUV treatment (40 mJ/cm 2 ) followed by chlorination compared to chlorination alone. Reckhow et al. (2010) indicated that germicidal doses of UV light (MP and LP) could not substantially change the tendency to form DBPs under conditions typical of drinking water treatment. As with THMs, a slight increase was also observed in the N-DBP concentrations in DWDS 2 compared with that in DWTP 2; and the concentration of N-DBPs in the network changed slightly with increasing residence time.
Finally, UV irradiation with chlorination did not cause an obvious increase in HAA concentrations compared with the chlorination process alone (Fig. 7c) . Similarly, Lyon et al. (2012) found that MPUV treatment had little effect on the HAA formation. Recent research has indicated that some microorganisms in DWDSs can degrade HAAs (Eischeid and Linden, 2011; Montoya-Pachongo et al., 2018) . However, in this work, no obvious variation in HAA concentrations was observed in the distribution network.
DBPFP of samples
The effect of UV irradiation on the DBPFP was also investigated. Fig. 8 shows the THM, N-DBP, and HAA formation potential concentrations of the filtered water (T1 and T2) and UV outlet water (T3 and T4) in DWTP 2. The proportion of chlorinated DBP (Cl-DBP) among DBPFPs were increased compared with that among DBPs. This may have been due to the higher chlorine dosage (20 mg/L) in the DBPFP experiments (average chlorine dosage applied in DWTP 2 = 1.94 mg/L). When the UV system was running, the concentration of THMs was slightly increased from 235.59 to 276.68 μg/L at the line #1; however, it changed minimally in line #2 (Fig.  8a ). Choi and Choi (2010) also reported an increased THMFP concentration after UV exposure because of the modification of the DOM structure by UV irradiation. The N-DBP concentration increased from 2.81 to 3.17 μg/L in line #1 and increased from 3.08 to 3.69 μg/L in line #2 (Fig. 8b) . As previously mentioned, the increased N-DBP formation might be attributed to nitrate photolysis by MPUV irradiation (Kolkman et al., 2015) . It should be noticed that the trend of N-DBP formation in DBPFP test was different with that in DWTP. This phenomenon might be explained by the different reaction conditions between DBPFP and DBP tests, such as chlorine dosage and reaction time. Earlier research indicated that UV had little effect on HAA formation (Lyon et al., 2012) . As shown in Fig. 8c , UV irradiation caused a small decrease in the formation potential of HAAs: the HAA concentration decreased from 122.36 to 119.86 μg/L in line #1 and decreased from 117.97 to 109.07 μg/L in line #2.
In general, there were slight changes in DBP formation and DBPFPs with UV disinfection: in most cases, the changes in DBP concentration did not exceed 10%. Moreover, these changes were limited and not significant when analytical error was considered.
Conclusions
In this work, the effects of UV disinfection on the microbial control and DBP formation in three full-scale drinking water systems in urban China were investigated. The main findings of this study can be summarized as follows: (1) The HPC data in distribution systems indicated that biological re-growth was induced in all three cases and was enhanced during the warm period; the TCC data did not show a similar trend. Thus, the degree of actual biological re-growth in DWDSs cannot be evaluated by a single indicator. (2) This study attempted to examine the bacteria community in municipal DWDSs in northern China, as well as the impact of UV and chlorine disinfection treatments. The 16S rRNA gene concentrations in DWDS 1 samples increased remarkably, even during the cold period, when the UV system was discontinued. Over longterm operation of the UV system, the relative abundance of selected chlorine-resistant and pathogenic chlorine-resistant bacteria did not change substantially in DWDS 1. However, when the UV system was stopped or there was no UV system, the relative abundance of chlorine-resistant and pathogenic chlorine-resistant bacteria was markedly increased during the cold period. The findings from the three municipal systems over multiple months of sampling, indicate the potential for pathogenic and chlorine-resistant bacteria in these distribution systems, which could cause public health risks. Thus, multi-barrier disinfection, such as UV combined with chlorination, would help mitigate these risks. (3) The effect of UV treatment on the formation and formation potential of THMs, HAAs, and N-DBPs was measured in a full-scale municipal drinking water plant, and the results show that UV disinfection has a limited impact on these DBPs.
UV treatment could help to manage the potential microbial risks caused by water source changes without causing serious DBP formation. Given the constraints of full-scale studies, such as whether and, if so how long, UV treatment is applied, the observational results and ensuing explanations in the present study represent only preliminary findings, despite all efforts made to include controlled variables. Therefore, future studies should involve more comprehensive analyses, including performance evaluation and economic analysis of UV treatment in real municipal drinking water systems.
